INTRODUCTION
The excretory system of the adult Mollusca consists of coelomatic derivates, the endothelially lined pericardium and, originally, two pericardial ducts leading to the exterior via the mantle cavity (Andrews, 1988; Haszprunar, 1992) . This functionally metanephridial system in the sense of Ruppert & Smith (1988) will be called renopericardial complex in the following. In the Testaria (Polyplacophora and Conchifera), the distal parts of the pericardial ducts were enlarged and modified into the sac-like kidneys. Pericardium and kidneys remain in communication with one another to varying degrees in the different molluscan taxa (for review, see Martin, 1983) . As has been demonstrated experimentally, the primary urine is formed initially by ultrafiltration of the haemolymph through the epicardial wall of the auricle into the pericardial cavity (Martin & Aldrich, 1970; Hevert, 1984; Andrews & Taylor, 1988) . The ultrafiltrate drains off into the kidney by way of renopericardial ducts, where it is modified by reabsorption and secretion (Martin, 1983) . Finally, the urine is released into the mantle cavity from where it is expelled by oriented water currents (Fretter & Graham, 1962; Morton, 1988) .
The ultrafiltration of the haemolymph is associated with podocytes of the pericardial epithelium surrounding the heart, the epicardium (Andrews, 1988; Ruppert & Smith, 1988; Bartolomaeus & Ax, 1992) . Podocytes possess numerous basal processes between which ultrafiltration slits, bridged by fine diaphragms, provide a pathway for the primary filtrate. The basal lamina, underlying the slits, has been shown to be the functional ultrafilter (Andrews, 1981; Morse, 1987) . In addition, solitary rhogocytes (pore cells) with an ultrafiltration weir are diagnostic for all molluscs. Their striking structural resemblance to metanephridial podocytes and protonephridial cyrtocytes (terminal cells) lends strong support for a common genetic basis and the homology of these three cell types (Haszprunar, 1996) .
The fine-structure of the excretory system is known from representatives of almost all higher molluscan taxa (see Andrews, 1988; Morse & Reynolds, 1996) . However, until recently finestructural studies on the renopericardial complex of the Gastropoda have been restricted to several groups of the Prosobranchia and the Pulmonata (for reviews see Andrews, 1988; Luchtel et al., 1997) while no ultrastructural evidence from the Opisthobranchia had been available (Gosliner, 1994) . Most recent TEM-based studies now showed significant differences in the organization of the excretory system of the Opisthobranchia: Whereas some taxa have retained podocytes on the auricular wall as the original ultrafiltration site of the Mollusca (Fahrner & Haszprunar, 2000 , 2001 , certain small opisthobranch species showed remarkable modifications of the renopericardial complex (Bartolomaeus, 1997; Haszprunar, 1997) .
These data suggest that other Opisthobranchia may also exhibit considerable modifications of the original excretory system. Especially interstitial species seem to be promising in this sense, since also representatives of other phyla that inhabit the mesopsammic environment (e.g. the polychaete Hesionides, see Westheide, 1986) show unique, modified excretory systems. As an adaptation to the specific ecological factors in their habitat, the mesopsammic Acochlidia have reduced several organs, among them the shell, the gill, and the mantle cavity 
ABSTRACT
The microanatomy and ultrastructure of the excretory system of an undescribed mesopsammic gastropod of the genus Hedylopsis have been examined by means of semithin serial sections, reconstructions, and transmission electron microscopy. The functional metanephridial system comprises a monotocardian heart with a single ventricle and auricle in a spacious pericardium as well as a single, large kidney. Podocytes in the auricular epicardium represent the site of ultrafiltration and formation of the primary urine, whereas the flat epithelium of the kidney with extensive basal infoldings, large vacuoles and the apical microvillous border indicates modification of the primary filtrate. Solitary rhogocytes (pore cells) represent additional loci of ultrafiltration with an identical fine-structure as those of the podocytes (meandering slits with diaphragms covered by extracellular matrix).
The presence of podocytes situated in the epicardial wall of the auricle is regarded as plesiomorphic for the Opisthobranchia and is confirmed for the Acochlidia for the first time. Kidney and rectum both open into a small, yet distinct mantle cavity. Within the Acochlidia this condition represents a plesiomorphic character only known from one further Hedylopsis species until now. Special cells (here termed microvillous pit-cells) with a presumed absorptive function are interspersed between the epithelial cells of the mantle cavity. They are mainly characterized by a prominent invagination of the apical border with densely arranged, very large microvilli. The presence of a mantle cavity that has been lost in all other acochlidian genera supports the systematic placement of the Hedylopsidae at the base of the Achochlidia. (Odhner, 1937; Rankin, 1979; Arnaud et al., 1986) . Thus, their excretory system opens via the nephropore directly to the exterior, as does the anus.
In this paper, we present the first ultrastructural details of the renopericardial complex of the Acochlidia from an undescribed, mesopsammic species of the genus Hedylopsis. These data also have systematic significance since several features of the heart and kidney (e.g. number of chambers of the heart, size of kidney, position of nephropore in relation to other body openings) are considered to be diagnostic for higher taxa of the Acochlidia (Rankin, 1979) . The present data on Hedylopsis sp. are compared with the results of investigations on the anatomy and ultrastructure of the excretory system of major opisthobranch taxa that are carried out within the framework of a larger, comparative project.
MATERIAL AND METHODS
Specimens of Hedylopsis sp., 3 mm to 5 mm long, were extracted from coarse coral sand samples (diameter 2mm) taken at 15m depth from the bottom of the fringing reef in Dahab, Gulf of Aqaba (Red Sea, Egypt) in October 1999. The mesopsammic animals were removed from the sediment samples by anaesthesia with a solution of 7% MgCl 2 (isotonic to local seawater). Living acochlidian gastropods were sorted out with a pipette and processed for light-and electron microscopy. After fixation in 4% glutardialdehyde buffered in 0.2 M sodium cacodylate (pH 7.2), the specimens were rinsed several times in the same buffer. Postfixation in buffered 1% OsO 4 for two hours was followed again by rinsing the specimens with cacodylate buffer in decreasing concentrations and dehydration in a graded ethanol series. Decalcification of the subepidermal spicules was achieved by using 2% EDTA. The fixed specimens were embedded overnight in Araldit resin for light microscopy and in Spurr`s (1969) low viscosity resin for electron microscopy. To enable an overall view on the in situ-position of the excretory system of Hedylopsis sp., four complete series of semithin cross sections (2µm) were made with glass knifes (Henry, 1977) and stained with methylene-blue-azure II according to Richardson et al. (1960) . The section slides are deposited at the Zoologische Staatssammlung München (ZSM-Nrs.: 20004766/1, 20004767, 20004768, 20004769) . For transmission electron microscopy (TEM), ultrathin sections (70 nm) were made with a diamond knife and kept on formvar-covered single slot copper grids. The sections were stained automatically with uranyle acetate and lead citrate and examined and photographed with a Philips CM 10 TEM. The reconstruction of the renopericardial complex of Hedylopsis sp. was made by hand, based on serial semithin cross sections.
RESULTS

Microanatomy (Figs 1, 2)
The excretory system of Hedylopsis sp. is placed at the right side of the body and comprises the heart being enclosed in a thin, Histology of the excretory system and the mantle cavity based on semithin serial sections. Dorsal faces upwards and right to the right. A. Cross section of entire body showing the position of heart and kidney at the right side of the body (boxed area, enlarged in C). Also note the numerous large spicule cells in the visceral hump. B. Cross section of entire body showing the ventral position of the mantle cavity-and the genital system opening in the boxed area (enlarged in E). C. Renopericardial complex with heart (ventricle), pericardial cavity, and kidney. D. Opening of the pericardium into the renopericardial duct. E. Opening of the mantle cavity into the groove between visceral hump and foot. The closely associated, separate genital opening lies adjacent, to the left of the mantle cavity opening. The anus opens from the left side into the mantle cavity. Abbreviations: a, anal opening; au, auricle, cf, ciliary flame in the opening of the mantle cavity; dg, digestive gland; ft, foot; go, genital opening; i, intestine; k, kidney; mc, mantle cavity; pc, pericardium; rpd, renopericardial duct; s, spicule cells. spacious pericardium and the very long, tubular kidney ( Figs  1A, B, 2A) . The monotocardian heart, consisting of auricle and ventricle ( Figs 2C, D) , lies medio-laterally at the anterior end of the visceral hump, adjacent to the digestive gland. At the anterior end of the ventricle, the thick aorta arises. Pericardium and kidney are connected via a renopericardial duct that emerges ventro-laterally, under the auricular region, in the middle of the pericardial cavity (Fig. 2D) . The duct runs posteriorly and enters the kidney laterally. The tubiform kidney extends almost over the whole length of the visceral hump and is characterized by a continuous, very flat, glandular and highly vacuolated epithelium. Anteriorly, the kidney opens into the posterior end of the small, spherical mantle cavity. A prominent ciliary flame characterizes the broad, medio-ventral opening of the mantle cavity to the exterior, into the cephalopedal groove between visceral hump and foot ( Figs 2B, E) . The closely associated, separate genital opening lies to the left of the mantle cavity opening, while the anus opens into the mantle cavity from the left side.
Fine-structure (Figs 3, 4) The myocardium of the ventricular and auricular portions of the heart (Fig. 3A) consists of a loose network of muscle bundles and is lined with a basement membrane formed by ECM. The epithelio-muscle cells of the epicardium (Fig. 3B ) that rest on this basal lamina are characterized by basally located myofibrils and are connected by belt desmosomes apically, an intercellular ECM is lacking. In the auricular region the squamous pericardial epithelium is composed of a second cell-type next to the pure epithelio-muscle cells, the podocytes (Fig. 2 E) . Numerous foot-processes (i.e. the pedicels) extend from the basal border of the podocytes. Fine, fibrillar diaphragms bridge the ultrafiltration slits between these pedicels which interdigitate with those of adjacent cells. True intercellular spaces are very narrow or entirely lacking. The content of the podocytes is mainly characterized by muscle fibers. Podocytes are absent from the epicardial wall of the ventricle and the outer pericardial epithelium.
The opening of the pericardium into the renopericardial duct is about 5 µm wide. The renopericardial duct is composed of very flat cells with an irregularly shaped nucleus occupying most of the cytoplasm. Apically, there are belt desmosomes and septate junctions between adjacent cells. Whereas the cells of the central section of the duct lack cilia and bear numerous, long microvilli apically (Fig. 4B) , the cells of its proximal and distal parts are multiciliated (Fig. 4C) . The cilia of the proximal renopericardial duct do not extend into the pericardium. The nephridial cells of the kidney (Fig. 4A ) form a continuous, flat, and simple epithelium and are mainly charcterized by a dense, apical microvillous border and a deeply infolded basal surface that rests on a basal lamina. Belt desmosomes and extensive septate junctions interconnect the nephridial cells near their apices. Besides the basally located nucleus, there are many mitochondria, in addition to coated vesicles, endosomes, and lysosomes. The one to several, electron-lucent vacuoles in the cell originate in the basal cytoplasm and become largest apically, prior to fusion with the cell membrane.
A second cell type with an ultrafiltration weir, the rhogocyte ( Figs 3C, D) , occurs in the connective tissue (often between the spicule cells) and the haemocoel. In contrast to the epithelial podocytes of the auricle, rhogocytes are solitary cells that are completely surrounded by a thin layer of ECM in Hedylopsis sp. They are irregularly shaped, depending on the space available, and 5-15 µm in diameter. Areas of diaphragmatic slits and the underlying small cisternae are scattered over the entire surface of the cell. Accordingly, there is no cell polarity and there are no junctions to any other cell. Further features of the rhogocyte are the electron-lucent vacuoles, the numerous small secretory vesicles, the large electron-dense granules (diameter up to 3 µm), and the prominent, often excentrically situated nucleus.
The small mantle cavity (diameter: 80 µm) is lined by a flat epithelium covered by a low microvillous border (Fig. 4D) . Only the cells at the opening of the mantle cavity to the exterior bear cilia. Special cells with microvillous pits (Fig. 4E) are interspersed between the regular epithelial cells. These cells are very common at the posterior end of the mantle cavity, but are subsequently less frequent towards the mantle cavity opening, where they are entirely lacking. Pit cells are well characterized by their prominent, deep, apical invagination of the surface with densely arranged, very large and thick microvilli. Their cytoplasm contains a large number of densely arranged mitochondria and numerous, small glycosomes. Usually the microvillous-pit cells occur solitary, but sometimes two cells of this type lie directly adjacent to each other.
DISCUSSION
Comparative cytology and histology
The data presented in this study reveal that the fine-structure of the excretory system of the Acochlidia basically corresponds to that of other molluscs. In most of the taxa with available TEM-data, podocytes of the epicardial epithelium were identified as the site of ultrafiltration and production of the primary urine (Andrews, 1985; Andrews, 1988; Morse & Meyhöfer, 1990; Reynolds et al., 1993; Morse & Reynolds, 1996; Fahrner & Haszprunar, 2000 , 2001 . The slits between interdigitating foot processes of the podocytes, covered by extracellular matrix serve to filter large molecules from the haemolymph into the pericardial cavity (Andrews & Little, 1972; Andrews, 1988) .
In Hedylopsis sp., the epicardial wall of the auricle is regarded as the sole site of ultrafiltration since podocytes could only be detected there but are absent from the ventricular wall or outer wall of the pericardial epithelium. This condition is also present in most of the molluscan taxa that have been investigated so far (Andrews, 1985; Reynolds et al., 1993; Morse & Reynolds, 1996; Bartolomaeus, 1997; Estabrooks et al., 1999; Fahrner & Haszprunar, 2000 , 2001 and is considered as plesiomorphic for the phylum. In some gastropod species, additional podocytes occur in the surface of the ventricle (Økland, 1982; Luchtel et al., 1997) , while in the Cyclophoridae the ventricular wall probably represents the main site of ultrafiltration (Andrews & Little, 1972) . Scaphopoda with a reduced heart and a lost auricle show podocytes in the epicardium surrounding a muscular sinus that is either regarded as perianal sinus (Reynolds, 1990) or as the rudimentary ventricle (Morse & Reynolds, 1996; Shimek & Steiner, 1997) . The absence of podocytes in Micropilina species (Monoplacophora, see Haszprunar & Schäfer, 1997a,b) and the sacoglossan gastropod Alderia modesta (Fahrner & Haszprunar, 2001 ) is a result of the complete loss of the heart and the pericardium. Accordingly, the primary urine is formed without a prior ultrafiltration step in these taxa.
Besides the podocytes, a second cell-type with an ultrafiltration weir is present in Hedylopsis sp.. Solitary rhogocytes that are situated freely within the connective tissue are characterized by slit areas on their surface that strongly resemble the fenestrations of the podocytes. As previously outlined in detail (Haszprunar, 1996) , the great similarity of the molecular sieves (slits bridged by diaphragmans, covering ECM, underlying free lumen respectively cisternae) provides significant evidence for a cytological homology between molluscan rhogocytes and metazoan podocytes, cyrtocytes, and nephrocytes. In contrast to podocytes, where filtration pressure is caused by muscular A. FAHRNER & G. HASZPRUNAR activity, probably endocytosis is the driving force in rhogocytes Figure 3 . TEM micrographs of the heart and a rhogocyte. A. Overview of the heart [transition from ventricle (v) to auricle (au)] close to the opening of the pericardial cavity (pc) into the renopericardial duct (rpd). Note the large spicule cells (s). B. Epithelio-muscle cells of the auricular epicardium with muscle fibers (mf), mitochondria (mi), and nucleus (n), interconnected by belt desmosomes (broken arrow). Abbreviations: au, lumen of the auricle; pc, pericardial cavity. C. Rhogocyte, surrounded by spicule cells (s) of the connective tissue, with electron-lucent vacuoles (va), a very large electron-dense granule (gr), and excentrically situated nucleus (n). Areas of diaphragmatic slits are indicated by arrows, the boxed area is enlarged in D. D. Detail of slit area showing diaphragms (arrows) with underlying small cisternae (cs) and the extracellular matrix (arrowheads), surrounding the cell. va, vacuole. E. Podocyte of the auricular surface with slit diaphragms between pedicels (arrows) resting on the extracellular matrix (arrowheads). au, lumen of the auricle. . TEM micrographs of kidney, renopericardial duct, and mantle cavity. A. Excretory epithelium of the kidney, showing basal infoldings (bi), several mitochondria (mi), large, electron-lucent vacuoles (va), prominent nuclei (n), and a dense, apical microvillous border (mv) to the partly collapsed lumen (lu). The nephridial cells are connected apically by belt desmosomes and extensive septate junctions (arrows). B. Cells of the central, aciliated region of the renopericardial duct with microvillous border (mv) to its lumen (lu). arrow, belt desmosome; k, lumen of the adjacent kidney; mi, mitochondria. C. Cells of the proximal region of the renopericardial duct (prior to opening of the pericardium) with irregular shaped nuclei (n) and numerous cilia (ci) occupying the entire lumen. D. Beginning of the opening of the mantle cavity (mc) into the groove between mantle and foot (ft). Boxed area is enlarged in E. Note the position of the three prominent microvillous-pit cells (arrowheads) ci, cilia; i, intestine; s, spicule cells. E. Microvillous-pit cell from the epithelium of the mantle cavity showing the characteristic invagination of the apical surface with densely arranged, large microvilli (mv). Also note the numerous mitochondria (mi), the belt desmosomes (arrows), and the much smaller, regular microvilli of the adjacent cells (asterisk).
junctions between them further indicate their transcytotic activity and excretory function, the modification of the primary urine.
The epithelium of the mantle cavity of Hedylopsis sp. mainly consists of squamous cells with microvillous border. Ciliated cells that are interspersed between the common epithelial cells in other molluscan taxa (e.g. Haszprunar & Schaefer, 1997; Shimek & Steiner, 1997) are restricted to the opening of the mantle cavity in Hedylopsis sp. The special cells with prominent microvillous pit that are scattered over the mantle cavity epithelium in Hedylopsis sp. are not known from any other taxon. Both the position (much more common at the inner and posterior end of the mantle cavity than towards the opening) as well as their content (a large number of mitochondria and glycosomes) and the large, apical microvilli lend strong support for an reabsorptive capacity of these cells. Because of its small size, a significant role of the mantle cavity in respiration is unlikely.
The ultrastructural data of Hedylopsis sp. given herein represent the first detailed information on the excretory system of the Acochlidia. Next to the pelagic Gymnosomata and Thecosomata (Fahrner & Haszprunar, 2000) and the Sacoglossa (Fahrner & Haszprunar, 2001 ), the Acochlidia is the fourth major taxon that has been investigated within the framework of a larger study on opisthobranch excretory systems. Representatives of all four taxa show a single kidney with an extensive reabsorptive epithelium as well as the ancestral molluscan condition with podocytes situated on the avricular wall as the site of ultrafiltration. These results contradict the assumption of Andrews (1988) that the primary site of urine filtration in the auricle has been lost in the ancestors of the opisthobranchs and that the function of podocytes has been adopted by other celltypes with a filtration weir. Significant modifications of the excretory system in certain opisthobranch taxa, such as the movement of the ultrafiltration-site to the pericardial wall in the mesopsammic Philinoglossa helgolandica (cf. Bartolomaeus, 1997) and the loss of the heart as well as the presence of an entirely new, pseudo-protonephridial system of ultrafiltration in Rhodope transtrosa (cf. Haszprunar, 1997) are probably related to their habitat and small body-size but appear to be restricted to these taxa.
Anatomy and systematic considerations
The renopericardial complex of Hedylopsis sp. consists of a wide pericardium, containing the two-chambered heart, and a single kidney that opens into the mantle cavity. This condition is typical for most of the Caenogastropoda, Opisthobranchia, and Pulmonata that have been studied so far (e.g. Luchtel et al., 1997; Estabrooks et al., 1999; Fahrner & Haszprunar, 2000 , 2001 . However, especially the presence of a small, yet distinct mantle cavity is in contrast to earlier descriptions of the excretory system of the Acochlidia (for review, see Rankin, 1979) .
Originally, the Gastropoda possess a large, spacious mantle cavity into which the whole head and foot can be retreated. Within the Opisthobranchia, a trend to reduction and, finally, elimination of the mantle cavity can be observed (Morton, 1988) . Rankin (1979) described the absence of a permanent mantle cavity as diagnostic character of the Acochlidia, only the formation of a temporary one during complete withdrawel of the animal has been reported from several acochlidian taxa. In contrast, Kudinskaja & Minichev (1978) pointed out that the species Hedylopsis murmanica Kudinskaja & Minichev (1978) retained many primitive features, among them the mantle cavity. Hedylopsis sp. investigated in this study accordingly represents the second acochlidian species with a mantle cavity. This further supports the placement of the Hedylopsidae at the base of the Acochlidia, as suggested in the latest review of the group by Arnaud et al. (1986) and Wawra (1987) .
The renopericardial complex of Hedylopsis sp. differs from the general anatomical diagnosis of the Hedylopsidae (Rankin, 1979) in some further details. As usual, the heart is composed of auricle and ventricle and not one-chambered, the nephropore is not situated distinctly closer to the anus than to the genital opening, and the body openings lie ventrolaterally, not dextrolaterally. All these features were used by Rankin (1979) to establish a new, highly ranked taxon (i.e. the Suborder Proprioneura) and to demarcate the Hedylopsidae from the Pseudunelidae. Since all characters mentioned above were considered to be of high diagnostic value, the validity of Rankin`s classification, that was based on literature data only, needs to be critically rechecked and a phylogenetic analysis of the Acochlidia is overdue.
